Purpose of Review Socioeconomic status (SES) has long been understood to be a key determinant of the distribution of tuberculosis (TB), and the role of social factors has long been a truism of TB epidemiology. We review studies that have examined the social determinants of TB in the USA in the past 20 years. We pay particular attention to how the findings of these studies fit within the framework of fundamental cause theory and argue that a more explicit linkage with fundamental cause theory is critical for understanding the current state of TB health disparities in the USA and for charting a way towards TB elimination in the USA. Recent Findings and Summary Our review finds that while in the past 20 years there have been studies that have documented the ongoing association between social factors and TB disease in the USA, few studies explore the precise mechanisms through which social factors continue to influence TB patterns. We advocate for a move towards a system-based approach both in theory development and analyses, allowing for the incorporation of more complex social dynamics to address long-standing disparities in TB disease.
Introduction
Social factors have been the key to determining patterns of tuberculosis (TB) since we began recognizing the disease. Indeed, even before Robert Koch isolated Mycobacterium tuberculosis (MTB), the intense social stigma associated with TB disease was a reflection of its associations with poverty [1] . This understanding is most memorably reflected in Dubos' description of MTB as a "necessary, but not sufficient" component of the cycle of TB that needs to be accompanied by the suite of social and environmental factors that facilitate infection as well as progression to active disease [1] . The decline of TB in the USA is often cited as a key feature of the epidemiologic transition, in which infectious diseases were replaced by chronic illnesses as the primary causes of mortality [2] . However, the improvements in living standards that led to the decline of TB in the USA during the early twentieth century were not distributed equally across the population [2] . For example, as TB incidence fell, racial disparities in TB infection in rapidly expanding Northern cities, such as Chicago, New York, and Baltimore grew [3, 4] . As TB incidence, prevalence, and mortality in the USA have continued to fall, the inverse relationship between socioeconomic status and TB remains, but its contours have changed.
As an airborne, infectious disease, anyone can be exposed to MTB and thus be at risk for subsequent development of the disease. However, as we have come closer to the goal of domestic TB elimination, the disease has become concentrated in, although by no means exclusively so, in poorer, socially This article is part of the Topical Collection on Social Epidemiology * Grace A. Noppert gnop@email.unc.edu marginalized populations. In 2017, the rate among foreignborn persons was 15 times that of US-born persons [5] .
And while an estimated 70% of TB cases occur among foreign-born persons, those among US-born individuals are disproportionately likely to be among those living in poverty [5] . Despite the clear role SES plays in structuring the risk factors associated with TB infection and disease, there has been little, if any, discussion of TB-or any other infectious disease-within the framework of the fundamental social causes of health and health disparities outlined by Link and Phelan [6] . Briefly, fundamental cause theory (FCT) states that as the ability to control a particular disease increases, socioeconomic disparities in that disease are likely to grow. This is because the wealthiest and more-advantaged individuals will have preferential access to treatment and prevention, saddling the least well-off with the residual burden of disease. The present moment-when the rate of decline in US TB rates has slowed [7] -is an important one in which to revisit our understanding of the relationship between SES and the risk of TB infection and disease in the USA, if we are to make progress towards the goal of domestic TB elimination.
In 1989, the CDC defined the goal of domestic TB elimination as reaching an incidence rate of less than 1 case per 1 million individuals by 2010, echoed by the World Health Organization (WHO) in their framework for addressing the global TB epidemic [8••] . As of 2017, however, the TB incidence rate in the USA was still 28 times that of the elimination standard [9] . While those working in TB control and research have long known that the social environment is a critical determinant of the epidemiology of TB in the USA, the focus of research has remained largely biomedical.
Our goal for this review is to provide an updated understanding of the mechanisms linking SES to TB disparities. To do this, we will review studies that have examined the social determinants of TB in the USA in the past 20 years. We pay particular attention to how the findings of these studies fit within the framework of FCT and argue that a more explicit linkage with FCT is critical for understanding the current state of TB disparities in the USA and for charting a path to domestic TB elimination. Our review is organized by individual social factors that have received the most explicit attention. However, all of these factors are components of a larger social environment; as such, their effects cannot easily be disentangled. Indeed, these social factors are best understood as part of a constellation of factors patterning the distribution of TB in the USA. We conceptualize the relationship between SES and TB as operating through two domains: distal mechanisms (e.g., race and nativity status) that structure exposure to more proximal mechanisms (e.g., physical environment and access to health care) (Fig. 1) . Additionally, we propose that these social factors may exert their influence at multiple points in the natural history of TB disease. We conclude this review by offering next steps to consider for those at all levels of TB control: researchers, practitioners, and policy-makers. 
Socioeconomic Status
Socioeconomic status (SES), encompassing income, education, wealth, and other factors is a critical predictor of risk for a wide array of infectious and non-communicable diseases. Deemed a fundamental cause of both disease and health disparities, FCT posits that the relationship between SES and health is overdetermined, and that even when one proximal disease risk is blocked, many other pathways remain [6] . In the case of TB, SES operates through a number of pathways that impact both the prevalence and sociodemographic distribution of TB disease. These pathways include, but are not limited to, the physical environment, nutrition, access to health care, and exposure to psychosocial stress. For example, the physical environment may influence rates of TB exposure, as well as access to health care and visibility to public health surveillance. In addition, a primary mechanism linking SES to subsequent TB disease is immune function: Malnutrition, diabetes, and comorbidities such as HIV infection (all conditions resulting in diminished immune function) likely increase susceptibility to developing active TB disease following latent TB infection (LTBI), and all of these are known to be linked to individual and household SES [10] [11] [12] .
Recent studies report associations between low SES and the overall prevalence of TB disease [5] , LTBI alone [13] , and of recent TB infection [14, 15] . This work has been extended to include the risk of development of multi-drug resistant (MDR)-TB [16] . Yet, while we know that SES has long been and continues to be a major determinant of TB in the USA, studies that explicitly examine the mechanisms through which SES is related to TB risk in the present day on TB are virtually nonexistent.
Nativity Status
In 2017, 70% of TB cases in the USA occurred among foreign-born persons, an incidence rate 15 times that of USborn persons [5] . This reflects a complex relationship between global inequality, domestic SES, and nativity: TB risk among individuals who have migrated to the USA is influenced by the relative TB burden in their countries of origin in addition to their SES in the USA [17•, 18] . Consequently, in the USA, nativity status is related to the distribution of TB in two main ways: One, given that much of the TB in the USA results from reactivation of LTBI among immigrants infected in their countries of origin, the prevalence of TB is directly related to the global burden of TB; and two, nativity status may in some instances be associated with exposure to risks related to low SES after arriving in the USA, impacting both the risk of acquiring TB infection after arrival and progression to disease.
Thus, when examining the role of nativity status in shaping the distribution of TB, it is necessary to classify cases as resulting from reactivation of LTBI separately from those resulting from recent transmission of MTB, though the tools for such classification are inherently limited. For example, a recent study in Michigan estimated that more than half of TB cases among US-born individuals resulted from recent transmission compared to 22% of foreign-born cases [14] .
Screening and treatment policies for TB in the USA are characterized by gaps at the federal and state level that may contribute to missing otherwise preventable TB cases in foreign-born populations [19] . Screening for active TB is only required for those individuals wishing to establish permanent residency in the USA [19] . Thus, for the large numbers of individuals who migrate to the USA on temporary visas (i.e., work or student visas) or through other means, screening and treatment for TB is more fragmented. In one study of foreignborn persons diagnosed with TB, 13% had temporary visas and 25% had no visa [20] . This may result in fewer opportunities for screening and reduced follow-through for LTBI screening especially [20, 21] .
Studies examining nativity disparities in the distribution of TB also report significant differences by race/ethnicity, nativity, and SES [22] . Indeed, the extent to which SES predicts TB risk is related to nativity. For example, national TB incidence data suggest that SES is a poorer predictor of TB for foreignborn populations compared to US-born populations. Among US-born populations, there is a steep SES gradient observable in TB incidence whereby lower SES is associated with increased prevalence of TB [23] . This gradient is much less steep for foreign-born populations [24] , highlighting that SES may operate differentially for foreign-born and US-born populations. Thus, analyses stratified by nativity status are often necessary to tease apart the differential effects of the social environment.
Much of the recent work on nativity disparities in the USA has focused on the experience of immigrants, particularly Latino immigrants. The stigma associated with TB disease can be amplified among foreign-born populations [25] , especially during times of hostility to immigration [26] . Several studies have reported that foreign-born persons with TB experience high levels of social isolation and perceptions of stigma [25, 27] . In addition, this population also experiences reduced adherence to TB drug treatment resulting in worse TB outcomes, including increased likelihood of the development of drug resistance [28] .
A study of TB incidence in correctional facilities found that nearly a third of all the foreign-born Latino individuals with TB were in a facility category that includes Immigration and Customs Enforcement Detention Centers [29] in which crowded conditions may facilitate transmission. Additionally, the psychological duress of incarceration likely diminishes the immune response, increasing the likelihood of progressing to active disease if infected. The above study also found that both foreign-born birth and the recentness of arrival in the USA were predictors of whether a Latino individual was diagnosed with TB while incarcerated. This suggests that the current level of hostility to immigration in the US could result in an increased risk of TB among targeted immigrant populations.
Race/Ethnicity
One of the key impediments to a robust understanding of racial/ethnic disparities related to TB is the biologizing of race that has persisted in the literature on racial disparities in TB risk. Consistent with results on other health disparities, there are entrenched racial/ethnic disparities in the distribution of TB in the USA. However, in contrast to the large majority of other recent disparities research, these differences are frequently attributed to biological differences in susceptibility to TB infection. Much of this work is predicated on flawed research [30] that has implied that Blacks have increased genetic susceptibility to MTB infection [31, 32] and progression to TB disease [33] . Given the decades of research showing greater heterogeneity in susceptibility within racial groups rather than across racial groups [34] , it is unlikely that genetic differences account for disparities observed in the acquisition and progression of TB. More likely, group-level differences in susceptibility to TB infection or disease are linked to SES factors, such as residential segregation [30] .
Racial disparities are observable in the prevalence of TB disease, LTBI, and in the likelihood of recent transmission. Notably, US racial disparities in TB differ significantly by nativity status. At the national level, among foreign-born individuals, the highest TB case rate is among Asians, followed by non-Hispanic Blacks and Native Hawaiian/Pacific Islanders [5] . Among US-born individuals, non-Hispanic Blacks account for the largest portion of TB cases (37%), while the highest case rate is among Native Hawaiians and Pacific Islanders [5] . Racial disparities are also observable in the incidence of LTBI [35] . In both national and regional studies among the US-born, Blacks had a greater prevalence of LTBI than Whites [13, 36] .
Racial disparities are also apparent when we stratify cases by whether they represent recent transmission or reactivation of LTBI: For example, using Michigan surveillance data, one study found that Blacks were at highest risk of recent infection, while Asians were at highest risk of TB disease resulting from reactivation of LTBI [22] . Another study using secondary contacts of active TB cases to infer transmission dynamics found that close contacts of African-American TB patients had twice the risk of infection compared to close contacts of White TB patients [24] . Moreover, a study examining both recent transmission as well as extensive recent transmission (a transmission cluster of at least six cases) found that extensive recent transmission occurred disproportionately among racial minorities and homeless individuals [37] .
Physical Environment
In recent years, much of the research into the social determinants of TB has been focused on the impact of the physical environment, specifically neighborhoods, on the risk of TB infection and disease. From a transmission dynamics viewpoint, the size of the population that is susceptible to infection and how densely these persons are distributed in space are attributes of the neighborhood environment that directly impacts the rate of MTB transmission. However, it is important to understand these neighborhood attributes as products of a system of social stratification.
For example, racial residential segregation has been hypothesized to explain persistent racial/ethnic disparities in TB infection because it operates via multiple pathways: Segregation concentrates minorities and individuals of lower SES in communities characterized by overcrowded housing, high population density, and limited access to care [17•] , in addition to increasing the rate of within-vs. between-group contact, thus potentially concentrating disease within segregated groups. In an examination of zipcode-level variation in TB risk in New Jersey during the resurgence of TB in the 1980s and 1990s, Acevedo-Garcia [38] found that indices of residential segregation were predictive of the presence of environmental and social risk factors for TB-as well as highly elevated TB risk-among immigrants, Blacks, and Hispanics. Several more recent studies of major urban environments report concentrated TB zones in areas of high neighborhood socioeconomic disadvantage [23, [39] [40] [41] . A series of studies in King County, Washington, showed that neighborhood-level socioeconomic status was associated with TB incidence, more severe TB disease, and genotypic clustering (a proxy for MTB transmission) [39, 42, 43] . Another study of genotypic clustering in Southern California reported case clusters defined primarily by race/ethnicity and country of origin [44] . This is consistent with other work in California [45] that found that census tracts with lower median income, more racial/ethnic minorities, and more immigrants had higher rates of pediatric TB (another method for inferring recent transmission).
Work on the physical environment may also hold keys to understanding racial disparities in TB. A Michigan study found that among the US-born, including markers of neighborhood disadvantage washed out the association between individual-level race and incidence of recent transmission in an analytical model [14] . Treating race as an independent variable ignores the macrosocial processes that systematically skew the distribution of individuals into disadvantaged environments as a function of race and class. Because of this, Acevedo-Garcia argues that residential segregation is one manifestation of racism that is a critical determinant of disparities in infectious disease between US minorities and Whites [30] , echoing the argument by Williams and Collins that racial residential segregation is a fundamental cause of health disparities [46] . The contribution of residential segregation to racial disparities in TB likely reflects the enduring effects of migration patterns of the early 1900s in which living conditions for minorities and Whites diverged as populations increasingly moved to urban environments [3] .
Directions for the Future

Challenges to Elimination
Despite significant progress towards domestic TB elimination, recent slowdowns in the rate of improvement have increased pessimism about near-term reachability of this goal. A recent transmission modeling analysis suggests that domestic TB elimination among US-born individuals is unlikely before 2100, far later than the 2010 US benchmark and 2035 WHO target for global elimination, and that elimination by even this time is unlikely among individuals born outside of but residing in the USA [47, 48•] .
One explanation for the declining rate of improvement is that as incidence rates fall, disease may become concentrated in marginalized, harder-to-reach populations with low SES [8••] . This pattern echoes of the predictions of FCT: Improvements in living conditions, nutrition, access to care, and attention from public health authorities are likely to reach the well-off earlier than less-advantaged individuals. For TB, these effects may in fact be magnified. In the classic FCT model, care is received in response to the illness of each individual. In infectious disease field investigations, access to screening, treatment, and prevention occurs at the level of individual initiation as well as ascertainment by public health authorities via contact tracing. Consequently, if the efficacy and screening and treatment are greater among individuals who are both less likely to transmit, and to develop symptomatic disease upon infection, this may serve to increase SES disparities even while pushing community-level rates down.
Addressing the Fundamental Causes of TB
To move towards TB elimination, TB control research and policymaking must develop "fundamental interventions" [49] that target the upstream social determinants of health. However, because of their communicable nature, infectious diseases like TB present an additional complication to FCT: In addition to direct protection afforded to the person receiving treatment or screening, the advent of treatment and effective prevention for an infectious disease confers important indirect protective effects on untreated individuals. Those who are successfully treated or prevented from developing disease are subsequently unable to transmit to their contacts. Because these contacts are likely to be assortative, i.e., among individuals of the same social, economic, and demographic profile, the indirect benefits of treatment and prevention may then also be concentrated among individuals sharing characteristics of those who receive preferential access to treatment and prevention. This coupled diffusion of innovation and transmission is clearly a double-edge sword: In the mostadvantaged populations, these dynamics may accelerate decline. But, in the highest-risk groups, the opposite is true: Where the accessibility of treatment, preventive therapy, and case-finding are lowest, transmission risks are likely to be the greatest.
Addressing the Role of SES Is Key to Successful Case-Finding and Intervention
As population prevalence decreases, the importance of each additional case for reaching the goal of TB elimination is increasing. Contact investigation has been consistently shown to be one of the most effective ways to find and treat cases in lower-incidence settings [50] . As the pool of cases becomes smaller, it may reflect increasingly poor and marginalized individuals, and their contacts, who are likely to represent individuals with a wide range of SES profiles. As a result, sustained attention to how SES impacts transmission, as well as the efficacy of case-finding, is critically necessary to provide an updated understanding of how to effectively target screening and intervention. Accomplishing this will require approaches that better account for individual-and populationlevel heterogeneity. Recent advances in spatial modeling and molecular genotyping techniques have been encouraging in this respect.
For example, a recent spatial analysis highlighted the need to incorporate information on the unstable housing situations of many individuals at highest risk of TB infection in the USA: In their analysis, Worrell et al. [51] created TB risk maps using the home locations of 198 TB cases in Fulton County, Georgia. Of these, 30% were among homeless individuals, and 50 cases reported 3 or more addresses at the time of diagnosis. When the multiple residential locations of these individuals were taken into account, the authors found that the area considered to be at highest risk of TB in the Atlanta area grew significantly in geographic size relative to a risk map including only a single address per individual. This highlights how the challenge of elimination is likely to scale inversely with prevalence, and why new theoretical perspectives and methodologies are critical to reach domestic and global public health goals.
A particular strength of molecular methods, such as MIRU-VNTR, spoligotyping, RFLP, and whole-genome sequencing (WGS), is that they may highlight transmission relationships between individuals without obvious epidemiological links, for example individuals who visited the same restaurant or bar but did not directly interact with each other (e.g., Klovdahl et al. [52] ) or who had fleeting interactions in the community (e.g., Perri et al. [53] ). In a recent review, Mathema et al. [54] highlighted the potential of wholegenome sequencing (WGS) to increase the efficacy of TB case-finding and intervention. Because of the relatively slow rate of TB mutation, chains of transmission may be difficult to detect using coarser genotyping techniques, such as MIRU-VNTR and spoligotyping. As a result, when a cluster of genomically similar TB cases share SES-related risk factors, it is difficult to determine whether they are related by direct transmission using such techniques. By allowing more rapid detection of recently infected individuals, these more finely pointed tools may allow recently infected individuals to be either detected at the earliest stage of infectiousness, or prevented from developing active disease via the administration of preventive therapy.
Move Towards a Systems-Based Approach
For much of its history, epidemiology has been a reductionist science, attempting to infer causality by isolating, via analysis or study design, the effect of one exposure on one health outcome. Many studies on the social determinants of TB reviewed here fit this description. However, it is becoming increasingly clear that effective interventions into the social determinants of health require research focused on the dynamic interplay between social institutions and systems of disease and health. And, studies of tuberculosis and other infectious diseases, where risk is dominated by the non-linear process of transmission, are particularly ill-suited to an entirely reductionist approach.
In this review, we have tried to highlight the ways in which the causal pathway between SES and TB is complicated by overlapping and mutually reinforcing risk factors. Specifically, the increased susceptibility to infection with MTB and the increased likelihood of progression to TB disease associated with low SES also increases the likelihood of exposure to MTB among the contacts of lower SES TB cases. These exposed individuals are then, as we have described above, more susceptible to infection and disease because of their socioeconomic status. Other feeedback loops between the social determinants and TB disease are well known in health disparities literature: Low levels of education and income, for example, lead to poorer health outcomes (i.e., TB disease) which in turn influence the ability to work or attend school and achieve higher levels of education and income [55] . In addition, there are feedback mechanisms linking TB and SES with other health outcomes, such as HIV [56, 57] . These complex dynamics suggest that research, and ultimately interventions, that lead to elimination of TB in the USA will need to focus less on the reductionist approach to epidemiology and instead adopt a holistic, systems-based view of the problem [8••] .
We are far from the first to advocate for, or employ, a systems approach to TB control [48•, 58-60] . In fact, successful programs incorporating this view have been deployed in, for example, Peru [61] , by addressing both the upstream (e.g., poverty, housing) causes and downstream (e.g., catastrophic costs due to lost wages) consequences of TB infection. Given that FCT suggests that SES disparities will only increase as we get nearer to the goal of elimination, it is imperative that TB control efforts in the US learn from their counterparts in other parts of the world who have successfully used a systemsbased approach.
Conclusion
SES has long been understood to be a key factor underlying the distribution of TB, to the extent that it has become a truism of TB epidemiology. However, as US TB incidence rates have fallen, the center of gravity of the US TB epidemic has shifted as well, and a reevaluation of how social determinants influence TB risk is necessary to move us towards elimination. This review has highlighted recent research documenting important shifts in the social patterning of TB in the USA. Yet, large gaps persist, particularly in explicating the precise pathways through which SES continues to operate to influence TB, and how these relationships will shift as prevalence continues to decline. At the same time, the proximal determinants of TB infection and disease have remained the same: These include neighborhood and housing environments, access to material resources, and exposure to psychosocial stress. Unpacking how the various dimensions of SES currently drive exposure to these more proximal risks in represents the most promising area of continued research. Indeed, the goal of US TB elimination is unlikely to be reached without targeted attention to socioeconomic drivers of the risk of infection and disease.
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